Abstract For more than 15 years, angiotropism in melanoma has been emphasized as a marker of extravascular migration of tumor cells along the abluminal vascular surface, unveiling an alternative mechanism of tumor spread distinct from intravascular dissemination. This mechanism has been termed extravascular migratory metastasis (EVMM). During EVMM, angiotropic tumor cells migrate in a 'pericytic-like' manner (pericytic mimicry) along the external surfaces of vascular channels, without intravasation. Through this pathway, melanoma cells may spread to nearby or more distant sites. Angiotropism is a prognostic factor predicting risk for metastasis in human melanoma, and a marker of EVMM in several experimental models. Importantly, analogies of Cancer Microenvironment (2014) 7:139-152 DOI 10.1007 angiotropism and EVMM, which may open promising new strategies for reducing or preventing melanoma metastasis.
Introduction
Metastasis is defined by end points, (metastatic lesions detected in specific organs distant from a primary tumor), but the complex in vivo mode of this process is not fully understood [1] . Melanoma cells can use different migratory strategies depending on varying environments in order to exit the primary tumor mass, invade surrounding tissues and metastasize to distant sites [2] and such a plasticity seems to be linked to their embryonic and/or stem cell like cellular properties [3] [4] [5] [6] . After considerable debate about the potential mechanisms of cancer metastasis continuing until the end of the 19th century [7] , the intravascular dissemination of cancer via the blood and/or lymph was finally imposed and is still widely accepted as a central paradigm [8, 9] . Therefore the interaction of tumor cells with the tumor vasculature is mainly studied for its role in tumor blood supply (tumor angiogenesis) [8] , and intravascular metastasis of circulating tumor cells (CTC) [9, 10] . However "the acquired capability for invasion and metastasis represents the last great frontier for exploratory cancer research" [11] and opening new fields of basic investigation concerning cancer metastasis is of singular importance.
For more than 15 years, Lugassy and Barnhill have opened the field of extravascular migratory metastasis (EVMM) in melanoma [12, 13] . In EVMM, tumor cells migrate without intravasation, as opposed to the intravascular dissemination of tumor cells. During EVMM along vessels, tumor cells become adherent to the abluminal vascular surface, defining angiotropism, and use selective motility cues on their abluminal surfaces in order to migrate without intravasation (EVMM).
Angiotropic melanoma cells are defined histologically as melanoma cells closely associated with the endothelium of vessels in a pericytic location, generally detected at the advancing front of the tumor, and without intravasation (Fig. 1a ) [14] . Angiotropism promotes pericytic mimicry, the spreading of tumor cells along the abluminal vascular surfaces (Fig. 1b ) [14] . The continuous migration of melanoma cells along the abluminal vascular surface toward secondary sites represents extravascular migratory metastasis (EVMM), an alternative mechanism of melanoma spread (Fig. 1c ) versus intravascular tumor cell dissemination via circulating tumor cells (CTC) [13, 14] . Specifically, the term angiotropism represents a histopathological image; the term pericytic mimicry emphasizes the replacement of pericytes by these angiotropic tumor cells; and the term EVMM describes this extravascular mechanism of tumor spread toward secondary sites without entering inside the lumina of vascular channels (Fig. 1) . Notably, in EVMM, tumor cells can also migrate along other anatomical tracks such as nerves (neurotropism or neurotropic EVMM) [13] [14] [15] , however in the present review we will focus on angiotropic EVMM along vessels.
Utilizing EVMM, melanoma cells may spread to nearby, or to more distant sites, without entering the vascular channel. Interestingly, tumor cells have been reported to migrate at rates of 0.1 to 2 μm/min, culminating in distances of 5.2 to 105 cm/ year [15] . These distances may theoretically be even greater via the more rapid amoeboid migration of cancer cells [16] . Such velocities are compatible with the time intervals between the recognition of the primary cancer and the formation of obvious metastases in human cancer progression. EVMM may recapitulate embryonic migration in order to reach secondary sites.
These new concepts of angiotropism, pericytic mimicry and EVMM are now recognized as an important alternative means of melanoma dissemination [17] [18] [19] [20] [21] . Pertinent to EVMM are the origin of melanocytes from the neural crest (NC) and the strong analogies of EVMM with NC cell (NCC) migration [22] . In addition, analogies of EVMM with vasculogenesis and angiogenesis [15] suggest that this pericytic-like spread or pericytic mimicry exists in solid tumors from other origins than the neural crest.
In this paper we will review the various scientific areas of interest leading to our current state of knowledge and understanding about angiotropism, pericytic mimicry and EVMM in melanoma.
Neural Crest Cell Migration, Vasculogenesis and Angiogenesis Represent Mechanisms Potentially Deregulated During the Pericytic Mimicry of Angiotropic Melanoma Cells
Neural crest cell (NCC) migration
Given the correlations between cancer and embryogenesis [23] it is important to emphasize the analogy of EVMM with the mechanisms of migration during embryogenesis, particularly during the migration of neural crest cells in the developing embryo. The neural crest provides a useful paradigm for cellular migration during morphogenesis. The embryonic pathways of highly migratory NCC and their regulation during development eventuate, among other phenotypes, in the establishment of melanocytes in the skin. Neural crest cells (NCCs) arise from the lateral edges of the neural folds at the end of gastrulation. Subsequently, NCCs delaminate from the neural tubes and migrate along specific routes to a number of sites where NCC derivatives arrest and fully differentiate into a wide variety of derivatives. These include melanocytes, neurons and glial cells of the peripheral nervous system, smooth muscle cells, connective tissue, and cartilaginous and skeletal elements in the head. It is generally admitted that melanoblasts arise from the dorsal neural tube and follow the so-called dorsolateral pathway to populate the skin [24] . "Once neural crest differentiation occurs, cells occupying the dorsal portion of the neural tube are disrupted in their cadherin-mediated cell-cell contacts, acquire epithelial-mesenchymal transition (EMT) and motile properties, migrate away from the neural tube and embark upon an extensive continuous migration through the embryo to reach their ultimate phenotype-specific sites" [25] . It is possible to paraphrase the latter process in cancer as follows: "Once a solid (black) gives raise to angiotropic melanoma cells (green with black nucleus) migrating outside the tumor along the abluminal vascular surface. C. EVMM. Definition: extravascular migration of tumor cells toward secondary site. EVMM is schematically depicted in the diagram by the five following steps: 1) single migrating (cancer stem cell?) tumor cells at the advancing front of the primary tumor; 2) angiotropism; 3) epithelial mesenchymal transition (EMT) /pericytic mimicry; 4) migration along vessels without intravasation; 5) secondary tumor formation (metastasis). Metastasis can then give rise to the same sequence of five steps and to the development of more distant metastases tumor becomes invasive, cells occupying the advancing front of the tumor disrupt their cadherin-mediated cell-cell contacts, acquire EMT and motile properties, migrate away from the primary tumor and embark upon an extensive continuous migration through the body to reach their metastatic secondary sites".
With respect to angiotropic migration along vessels, recent studies examining mice in embryonic development have confirmed the migration of NCCs along the external surfaces of microvascular channels during the course of the development [26] . In addition, it has been demonstrated that enteric NCCs follow endothelial cells during their migration within the gut of embryos, and the images from this study demonstrate striking angiotropism of migrating NCCs [27] (Fig. 2a) .
Interestingly, it has been demonstrated that human metastatic melanoma cells, when transplanted into the chick embryonic neural crest microenvironment, respond to cues from surrounding host tissues and emigrate along stereotypical migratory routes traveled by neural crest cells [28, 29] . Furthermore, recent data have specified that "melanoma revives an embryonic migration program to promote plasticity and invasion" and that aberrant regulation of neural crest developmental genes may promote plasticity and invasiveness in melanoma [6] . It is therefore possible that some angiotropic melanoma cells use embryonic migratory properties in order to migrate along vessels and even other cellular surfaces, for example migration along nerves in neurotropism. Such mechanisms of migration could represent an alternative metastatic pathway to "the inefficient intravascular metastatic process" [30] [31] [32] . In addition, such a recapitulation of embryonic migration could be related to the "seed and soil" hypothesis, since melanoma cells may migrate to reach their "ultimate phenotypespecific sites" [25, 33, 34] . Finally, neural crest cells migrate at rates of about 0.5 to 2 μm/min or more [35, 36] , and are therefore comparable to migrating tumor cells.
Vasculogenesis and angiogenesis
Vessel formation can occur by a number of different processes. Early in embryonic development, vessel formation occurs by a process referred to as vasculogenesis in which endothelial cells differentiate and proliferate in situ within a previously avascular tissue. Angiogenesis involves the sprouting from existing vessels into a previously avascular tissue. Angiogenesis is responsible for vascularizing certain structures during normal development and for most new vessel formation in the adult [37] . Concerning the embryonic formation of vessels, it has been observed that the primordial endothelium, once assembled into vascular tubes, can recruit undifferentiated cells with mesenchymal morphology and direct their differentiation into pericytes and smooth muscle cells (SMCs) [38, 39] . Similarly, during angiogenesis, pericytes are recruited and begin to migrate along the abluminal side of vessel to stabilize neovessels [39] (Fig. 2b) . Importantly, pericytes have recently been recognized as mesenchymal stem cells (MSC) [40] . Invasive tumor cells are known to exhibit morphologic and biologic properties characteristic of embryonic/stem cells particularly during EMT [23] . It is therefore conceivable that invasive melanoma cells are recruited instead of pericytes in microvessels (and/or SMC in larger vessels), for the external vascular surfaces, exhibiting EMT and pericytic mimicry (or mural cell mimicry) in order to migrate along the abluminal vascular surface (Fig. 1) . Although EMT processes are documented in many in vitro cancer cell models, the significance of EMT during cancer progression is still controversial. Very interestingly, it has been demonstrated in several solid tumors that EMT occurs at the invasive front and produces single migratory cells [23] , as observed with angiotropic melanoma cells. Our recent molecular data [15] suggests that angiotropic melanoma cells exhibit cancer stem cell properties and specifically express EMT and mesenchymal stem cell (pericytic) associated genes (see below). In non-lesional tissue, pericytes and endothelial cells are surrounded by a basement membrane exhibiting a normal architecture. At the ultrastructural level, the basement membranes possess a distinctive electron-lucent layer (lamina lucida) sandwiched between the plasma membrane and an outer electron-dense layer (lamina densa) [41] . However, the interaction of melanoma cells with endothelial cells results in an amorphous ultrastructural basement membrane zone, not assembled into the usual organized supramolecular structure recognized as conventional basement membrane. It is of interest that immunohistochemical analysis has confirmed the presence of laminin in this amorphous matrix. It has been suggested that such an amorphous matrix in tumors could expose cryptic promigratory sites on laminin that might trigger increased cellular motility [12, 42] (see below).
Pericytes are increasingly studied for their role in tumor formation, growth and invasion. The respective role of pericytes and angiotropic tumor cells in tumor invasion and metastasis requires much more detailed investigation.
Given the analogies of EVMM with NCC migration and angiogenic pathways, it is quite possible that the dysregulation of these mechanisms result in pericytic mimicry and mesenchymal stem cell or embryonic-like migration of angiotropic melanoma cells along the abluminal vascular surface, or EVMM.
Angiotropism as a Prognostic Factor for Melanoma
Several studies have demonstrated that angiotropism is a prognostic factor in melanoma.
1. Angiotropism as a prognostic factor of loco-regional and distant melanoma metastases We investigated the prognostic significance of angiotropism in a series of 40 patients with primary cutaneous melanoma and confirmed metastasis matched with a similar group of 40 patients with non-metastasizing primary melanoma and long-term disease-free survival [43] . Metastases included loco-regional and distant melanoma metastases. Angiotropism was found exclusively in patients with metastasizing melanoma, while vascular/ lymphatic invasion was absent. 2. Angiotropism as a prognostic factor for local and in transit melanoma metastases In a subsequent independent study utilizing the same microscopic criteria, angiotropism has been confirmed as a prognostic factor for primary melanomas associated with local and in transit metastases [18] . In this study, angiotropism was found more often in patients who developed local or in-transit recurrence (cases) as compared to patients who did not. In addition, the median diseasefree survival was shorter for patients with angiotropism versus for those without. 3. It has also been demonstrated that angiotropism of melanoma cells correlates with microscopic satellite (MS) formation in cutaneous melanomas and thus is likely to explain the development of MS [44] . Patients with MS and controls without MS were evaluated for the presence or absence of angiotropism. MS was defined as a dermal/ subcutaneous tumour nodule >0.05 mm, separated from the primary tumour by at least 0.3 mm. Forty four cases and controls were matched for tumour thickness, mitotic rate, ulceration, age, gender and primary site. Angiotropism was significantly more frequent in melanomas with MS than in those without MS. 4. We have also utilized a large bank of frozen primary melanomas for the specific evaluation of angiotropism as a differential marker in melanoma specimens [45] .
From the statistical analysis of clusters, this study demonstrated the correlation between angiotropism and distant metastasis at 4 years yielded, while the correlation between angiotropism and Breslow melanoma thickness was highly significant. 5. Finally, in a recent study we have shown that ulcerated primary human melanomas with abundant neutrophils and reactive angiogenesis frequently show angiotropism and a high risk for metastases [17] 
Angiotropism as a Microscopic Marker of Migration Along the Abluminal Vascular Surface
Angiotropism has been shown to be a marker of migration along the abluminal Vascular Surface.
1. In vitro and ex vivo studies using co-cultures of melanoma cells with capillary-like structures In order to study the relationships between human melanoma cells and vascular endothelium, melanoma cells have been cultured with endothelial cells forming endothelial tubules or capillary-like structures on a tumor basement membrane (Matrigel [BD] or BME [(Basement Membrane Extract) Trevigen]). After 24 h, five human melanoma cell lines isolated from metastatic melanoma from different patients were localized along the external surface of the vascular tubules, occupying a pericytic-like location in a pattern analogous to angiotropic melanoma cells in vivo [46] . Similar results have also been obtained using cocultures of melanoma cells with rat aortic rings ex vivo [47] . More recently, time-lapse images of human C8161 migrating melanoma cells in vitro toward and along the abluminal surface of endothelial tubules were obtained post-seeding using the Nikon Eclipse Ti live-cell imaging microscope [48] . Real time imaging of melanoma cancer cell migratory behaviour exhibited a migration toward and along endothelial cells. We also observed unique changes in the structural physiology of migrating melanoma cells suggesting epithelial to mesenchymal cell state transition (EMT), not seen in stationary melanoma cells. Live cell imaging of this co-culture EVMM assay enabled quantitative analysis of migration in real time in single cells (Figs. 3a, b) . Single cell tracking of individual melanoma cells engaging in EVMM over a course of 24 h post-seeding provided cell path length and velocity of EVMM migration during the 24 h time course. An average velocity of cell EVMM was approximately at 0.3 μm/min was observed, which is within the range of both tumor cell and neural crest migration average velocities as mentioned above.
2.
In vivo real-time model of angiotropic melanoma spread in a modified shell-less chick chorioallantoic membrane assay (CAM) An in vivo model to monitor angiotropic melanoma migration was in fertilized chicken eggs. Briefly, fertilized chicken eggs were opened into glass dishes, and C8161 GFP human melanoma cells were applied to the surfaces of the open CAM without traumatizing the CAM [49] . With stereo fluorescence microscopy, it was possible to observe directly in vivo and over time the growth and spread of melanoma cells along the vasculature. The rate of migration of angiotropic human melanoma cells along the abluminal surface of vessels was approximately 1.2 μm/min, which is in agreement with the data mentioned above. (Fig. 3c) . Histopathology confirmed the angiotropism of melanoma cells without intravasation, as observed with human angiotropic melanoma. 
Studies on Gene Expression Profiling of Human Angiotropic Primary Melanoma
Using a previously constructed melanoma gene expression microarray, we have identified 15 genes potentially critical to EVMM [45, 50] . A large bank of frozen primary melanomas was employed in a previous study to correlate gene expression profiles with either metastasis or death, or distant metastasis-free survival at 4 years. 254 genes were identified that distinguished primary melanomas with and without metastases. We have also utilized the same bank of melanomas for the specific evaluation of angiotropism as a differential marker in melanoma specimens (see above). By combining genomic databases and published work from the scientific literature, we identified among the 128 differentially expressed genes, 15 genes potentially involved in EVMM. These 15 genes were classified according to their function ( Table 1) . Because of the apparently close and mechanistically important relationship between EVMM and NCC migration, we have undertaken immunohistochemical studies of TCOF1 and ANHAK, two of the identified genes directly implicated in NCC migration. Indeed strong Treacle (the protein product of the TCOF1 gene) expression has been observed in migrating neural crest cells in the craniofacial mesenchyme [51] . On the other hand, AHNAK is one of the genes whose expression is typically repressed in neuroblastoma, which represents the most primitive neoplasm originating from migratory neural crest cells [45] . Our results have specifically shown in angiotropic melanoma cells the increased expression of Treacle (Fig. 4a ) and the down regulation of ANHAK (the protein product of the AHNAK gene). In addition, this study confirmed from the statistical analysis of clusters, the correlation between angiotropism and distant metastasis at 4 years yielded, while the correlation between angiotropism and Breslow melanoma thickness was highly significant.
Laminin, Angiotropism and EVMM
Cell to cell interactons via cell surface receptors, such as integrins and other laminin-binding proteins, regulate gene expression and significantly influence cell fate. Laminins are cell adhesion molecules that comprise a family of glycoproteins found predominantly in basement membranes. Laminins are essential for early embryonic development and organogenesis, and during the course of neural crest cell migration, specific laminins are expressed by the basal surfaces of the epithelia lining these pathways [25, [52] [53] [54] [55] . Laminin are also implicated in a wide variety of biological processes including cell adhesion, differentiation, migration, signaling, neurite outgrowth, and metastasis [25, [52] [53] [54] [55] .
As mentioned above, it has been demonstrated that angiotropic melanoma cells are linked to the endothelium by an amorphous matrix confirmed by immunohistochemistry to contain laminin (Fig. 4b) [12, 56, 57] . Given the role of laminin in NCC migration, tumor migration and metastasis, the presence of laminin between melanoma cells and endothelial cells raises the possibility that exposed cryptic promigratory sites on laminin triggers tumor cell motility along the abluminal surface [12, 42] .
In addition, biologically active sites on laminin-1 have been identified using proteolytic fragments and synthetic peptides [58] . The C16 (KAFDITYVRLKF) peptide from the γ1 laminin chain has previously been shown to significantly enhance pulmonary metastases associated with B16-F10 mouse melanoma cells [59] . The effect of this peptide on melanoma spread has been tested in our modified shell-less chick chorioallantoic membrane (CAM) model [48] , where GFP human melanoma cells were applied to the surface of the open CAM incubated with the C16 laminin peptide. The C16 laminin peptide significantly lengthened the distances of extravascular cellular migration by angiotropic melanoma cells. Histopathology confirmed the angiotropism of melanoma cells without intravasation, as observed with human angiotropic melanoma. The results of this study suggest that the C16 laminin γ1 chain peptide has angiotropic, extravascular migration-promoting activity on human melanoma cells, and might represent a possible molecular target for preventing melanoma metastasis. Finally, it has been shown that angiotropic human melanoma cells over-expressed some laminins and laminin receptors in our shell-less CAM assay. Indeed we have tested the hypothesis that expression levels of some genes related to laminin and metastasis are differentially expressed in vascularized angiotropic melanoma areas versus avascular melanoma areas from the same tumor [60] . C8161 human melanoma cells in our shell-less chick CAM assay were used to study EVMM associated with the presence of vascularized angiotropic melanoma areas. Using laser capture microdissection, angiotropic melanoma areas were microdissected, as well as avascular areas. Using quantitative Real Time PCR, six genes have been studied: LAMC2 (laminin γ2 chain), LAMA4 (laminin α4 chain), ITGB1 (integrin β1), ITGB3 (integrin β3), R S PA ( r i bo s o m a l p r o t e i n ) an d MM P 2 (m at r i x metallopeptidase 2). All genes were up regulated in angiotropic melanoma areas versus avascular melanoma areas, especially LAMC2, LAMA4 and ITGB3. Taken together, these data suggest that some laminins and laminin receptors play a substantial role in pericytic mimicry and EVMM.
Stem Cell Properties of Angiotropic Melanoma Cells Interacting With the Abluminal Vascular Surface
We have used our co-culture model of human melanoma cells with capillary-like structures in vitro to determine whether the interaction between the abluminal surface of endothelial cells and angiotropic melanoma cells could trigger the expression of particular genes. Differential gene expression triggered specifically by the interaction between angiotropic melanoma cells and the vascular tubules was analyzed by microarray analysis and Ingenuity Pathways Analysis (IPA). In addition, immunostaining of 10 human melanoma samples explored the expression of several pericytic/MSC markers by angiotropic melanoma cells. These studies provided data suggesting migratory embryonic/stem cell properties of angiotropic melanoma cells, as well as the pericytic mimicry of these cells [61] .
Endothelial cells (EC) alone can form endothelial tubules or capillary-like structures. Indeed, ECs are capable of aggregating in vitro to form endothelial tubules or capillary-like structures, which contain a lumen surrounded by endothelial cells attached to one another by junctional complexes. Notably ECs exhibit a normal polarization [62] . Melanoma cells (MCs) cultivated alone displayed "vasculogenic mimicry", i.e., formed structures mimicking endothelial channels [63] . MC co-cultivated with endothelial cells demonstrated "pericytic mimicry", specifically where MCs began spreading along the abluminal surfaces of the endothelial tubules in a pericytic location (Figs. 3a, b) .
We analyzed gene expression triggered by the co-culture of MCs and ECs versus simultaneously MCs alone and ECs alone in the similar conditions defined above. Such interaction between MCs and ECs triggered novel differential gene expression when compared to MCs alone and ECs alone. Interestingly, from the co-culture of EC and MC versus simultaneously MC alone and EC alone, 20 from the 28 known differentially expressed genes have demonstrated properties linked to (i) cell migration; (ii) cancer progression and metastasis; (iii) EMT; (iv) embryonic and/or cancer stem cell properties; (v) pericyte recruitment; (vi) inflammation (table 2) . Very interestingly, SERPINB2 was among the overexpressed genes linked to inflammation. Indeed, it has been shown very recently that serpins (in particular SERPINB2) promote cancer cell survival and vascular co-option in brain metastasis [64] . Vascular cooption, a phenomenon potentially related to angiotropism and pericytic mimicry, is until now regarded as an alternative tumor blood supply [65] .
Furthermore, the 15 most significantly enriched functional groups analyzed by IPA included: development, cell movement, cancer, and embryonic development. These data suggest that the interaction between angiotropic MCs and ECs up regulates specific NC/embryonic/MSC programs during EVMM.
Relevant to "pericytic mimicry" of angiotropic melanoma cells was the pericytic location of angiotropic melanoma cells. In addition, PDGFB was up regulated during the co-culture of endothelial cells and melanoma cells, and the ligand/receptor pair platelet-derived growth factor β (PDGFB/PDGFRB) is essential for pericyte recruitment. Pericytes express PDGFRB, and in normal angiogenesis, the recruitment of pericytes will stabilize neovessels [39] . Melanoma cells are known to be able to express this same receptor, and in the present study, PDGFRB was expressed by angiotropic melanoma cells in several human samples [61] (Fig. 4c) . Cancer stem cells are more resistant to therapeutics, and interestingly resistance to (V600E) B-RAF kinase inhibitor, this resistance emerges in part by melanoma cells upregulating PDGFRB [66] . Preliminary results have recently suggested that angiotropic melanoma cells expressing PDGFRB may represent a subpopulation of metastatic melanoma cells having a role in BRAF resistance and disease progression [67] (Fig. 4d) .
Two other markers of pericytes/MSC, CD146 and NG2 were expressed by melanoma cells, including angiotropic melanoma cells, but were not specific for angiotropism in the examined samples. Finally, flow cytometry demonstrated the expression of pericytes/MSC markers (CD44, CD73, CD105 and CD144) by the C8161 melanoma cell line.
Taken together, these data support the concept of "pericytic mimicry" by angiotropic melanoma cell, and suggest that the interaction between MCs and the abluminal vascular surface induces the expression of genes linked to cancer migration, embryonic/stem cell properties and inflammation.
Vasculogenic Mimicry Versus Pericytic Mimicry
As described above in our 3D in vitro culture and coculture studies, we observed a switch between Stem cell properties  Pericytic recruitment  Inflammation   CCL2  CCL2  CCL2  CCL2  PDGFB  CCL2  ICAM1  ICAM1  IL6  PDGFB  IL6  IL6  SELE  ICAM1  EVX1  TRAF1  RGNEF  TRAF1  PDGFB  CFDP1  CXCL6  RANBP9  IL6  RANBP9  SELE  PDGFB  SERPINB2  ICAM1  CXCL6  SERPINB2  BLID  SLC7A2  MALT1  C2CD4B  UPF1 PDGFB PLAA RGNEF ZXDC Sub-classification of 20 from the 28 differentially expressed genes in six categories vasculogenic mimicry when the melanoma cells were cultivated alone, and pericytic mimicry when the same melanoma cells were cultivated with endothelial cells. Vasculogenic mimicry is a well-studied and wellrecognized phenomenon of melanoma (and other tumors) plasticity, which is independent of tumor angiogenesis [63] . Tumor cells capable of vasculogenic mimicry share a plastic, transendothelial phenotype, which may be induced by hypoxia and may provide a perfusion pathway, transport fluid from leaky vessels, and/or connect with traditional, endothelial-lined vasculature. On human samples, the histopathological recognition of vasculogenic mimicry in human specimens is still difficult due to the lack of specific markers [68] . Alternatively, pericytic mimicry may represent a different type of tumor plasticity, potentially leading to the migration of angiotropic melanoma cells along the abluminal surfaces of vessels or EVMM. As opposed to vasculogenic mimicry, pericytic mimicry imply contact of melanoma cells with the abluminal surface of vessels [15] (Figs. 1, 3 and 4) , which may constitute a vascular niche inducing and/or sustaining stemness properties of melanoma cells. It is conceivable that vasculogenic mimicry precedes pericytic mimicry in order to reach the vessel surfaces in some microenvironment circumstances. Histologically, pathologist can recognize angiotropism [69] (Fig. 1) , but the identification of specific markers, such as PDGFRB or Treacle, is needed to facilitate its reliable recognition.
Ultraviolet Radiation-Induced Inflammation Promotes Angiotropism and Metastasis in Melanoma
Recently we emphasized the presence of angiotropism in immunocompetent mice HGF-CDK4 (R24C) with melanoma skin transplants that spontaneously develop lung metastases [17] . Repetitive UV exposure of the back skin comprising the tumor transplantation site of HCmel12 melanomas did not affect local growth kinetics but increased angiotropic invasion and lung metastases when compared to non-irradiated controls. Similar results were obtained with a second, independently generated serial skin transplant HCmel31. It was shown that UV irradiation not only causes tumor-initiating genomic alterations in melanocytes but also promotes pericytic mimicry and metastatic dissemination through TLR4/MyD88-driven neutrophilic inflammation initiated by HMGB1 release from UV-damaged keratinocytes. These results indicate that neutrophil-rich inflammatory response increases angiotropism, pericytic mimicry and metastasis. These data also suggest that other sources of inflammation may as well increase angiotropism, such as the presence of ulceration [17] and the development of recurrent melanoma after resistance to anti-BRAF therapy [67] (Fig. 4d) .
In addition, our data on genes differentially expressed during the interaction of angiotropic melanoma cells with the abluminal vascular surface have shown several genes directly linked to inflammation [61] (Table 2 ). This new data raises important questions about whether inflammation is cause or the result of such gene expression in angiotropic melanoma.
Angiotropism and Migration Along Vessels in Other Tumors

Glioma and glioblastoma
Glial cells like melanocytes have the same embryonic origin, both deriving from the NCC. Invading glioma cells are known to follow distinct anatomic structures within the central nervous system, including the abluminal surface of blood vessels, exhibiting the same phenotypic pericytic mimicry as angiotropic melanoma cells [70, 71] . Glioma cells intercalate their processes between the endothelial cells and the perivascular astrocyte end feet, but do not invade into the blood vessel lumen cells [70] . Glioma cells can migrate considerable distances and this migration does not correlate with hematogenous tumor spread [71] . In previous studies using a murine brain tumor model we have shown that melanoma cells and glioblastoma cells exhibited the same pattern of invasion along vessels [72] . Interestingly, several authors have suggested that this highly infiltrative nature of human gliomas may recapitulate the migratory behavior of glial progenitors [73, 74] . In addition, a recent study demonstrated that "glioblastoma stem cells generate vascular pericytes" [75] , further supporting the concept of pericytic mimicry [76] .
Detection of EVMM in pancreatic cancer
Notably, the perivascular localization of malignant tumor cells along the celiac trunk in patients with pancreatic carcinoma has been demonstrated [77] . This study described extension of pancreatic cancer along major vessels to sites remote from the primary pancreatic neoplasm. The presence of pancreatic carcinoma cells along the abluminal surfaces of the celiac trunk without intravasation was confirmed by endoscopic ultrasound fine-needle aspiration. It is important to note that pancreatic cells do not originate from NCC. The authors concluded that some cancer cells might travel along the external surface of vessels as a mechanism of dissemination consistent with EVMM. 3. Angiotropism and neurotropic EVMM of human prostate cancer cells Perineural invasion is emerging as an important pathologic feature of many malignancies, including melanoma, and malignant tumor of pancreas, colon and rectum, prostate, head and neck, biliary tract, and stomach [78] . We have investigated angiotropism in human prostate cancers, and we have used the PC-3 prostate cancer cells in our 3D co-culture model as well as in the CAM assay [79] . Histologically, angiotropism was detected in all human tumors at least focally within the tumor or at the advancing front of the tumor. In vitro, the PC-3 cells spread along the external surface of the vascular tubules; in vivo, PC-3 cells formed a cuff around some vessels a few millimeters beyond the tumor, and angiotropism was confirmed by histopathology. These data raises the possibility that some prostate tumor cells may migrate along the external surface of vessels as a mechanism of spread or EVMM.
EVMM in gynecological carcinosarcomas
In a recent independent study, angiotropism (called EVMM by the authors) was observed in an ovarian carcinosarcoma during routine diagnostic assessment [80] . Twentythree additional, randomly selected gynaecological carcinosarcomas (11 tubo-ovarian and 12 endometrial) were examined retrospectively and angiotropism was identified in 3 of these. Angiotropic malignant cells appeared sarcomatoid and were distributed abluminally, partly or completely surrounding the endothelium. Affected vessels often showed mural fibrin deposition. Immunohistochemistry for α-smooth muscle actin (SMA), CD31, CD34, D2-40, laminin and type IV collagen was performed on the EVMM-positive cases. The perivascular malignant cells showed more consistent SMA and laminin immunoreactivity than the non-vascular tumor elements.
Pericytes and Perivascular tumors
The 2002 WHO classification of Soft Tissue Tumors recognizes two perivascular (pericytic) tumor types: glomus tumor and myopericytoma. Hemangiopericytoma (HPC) has also been considered to be a perivascular tumor. However, because of overlap with solitary fibrous tumor (SFT), HPC is now classified as a 'fibroblastic / myofibroblastic tumor. Both glomus tumor and myopericytoma are for the most part benign, subcutaneous tumors with a prominent perivascular growth pattern. In contrast, hemangiopericytoma / extrapleural SFT is comprised of more immature appearing ovoid to spindled stromal cells, and are most commonly found in the deep soft tissues [81] .
Finally, neoplasms with perivascular epithelioid cell differentiation (PEComas) are defined by The World Health Organization as "a mesenchymal tumor composed of histologically and immunohistochemically distinctive perivascular epithelioid cells" [82] , which have no known normal tissue counterpart. It has been suggested that PEComa may originate from (i) undifferentiated cells of the neural crest; (ii) myoblastic, smooth muscle cells; and (iii) pericytes.
Recent Data Using Imaging of Melanoma Cells in a Murine Model
We began imaging studies using a murine melanoma ear skin model. The murine ear is a very thin organ, and represents an (A) (B) (C) interesting model to observe the relationships between tumor cells and vessels [83] . In this model, human GFP-expressing melanoma cells were transplanted subcutaneously into the pinnae of immune-deficient nude mouse ears. The cells were allowed to grow and to expand for 6 days. Before the recipient mice were sacrificed, a red-fluorescently labeled Tomato Lectin conjugate (Dylight 594) was injected in the circulatory system to visualize the overall ear vasculature. Because the ear skin is very thin, the engrafted cells were imaged directly using a confocal microscope to visualize the cellular interactions of the melanoma cells with the ear vasculature.
Our preliminary results have shown the perivascular cuffing of spreading tumor cells (Figure xx) . Moreover, at the advancing front of the main perivascular cuffing, isolated melanoma cells were observed along tumor vessels (Fig. 5) . These observations strongly suggest the propensity of tumor cells to spread along the abluminal surface of vessels.
We are actively pursuing this approach in a live animal to follow the long-term behavior of melanoma cells longitudinally (i.e. over time) at the single-cell level in a morphologically intact organ's microenvironment (manuscript in preparation).
Conclusions and Objectives
As described in this review, accumulating evidence supports angiotropism, pericytic mimicry and EVMM as an important biological phenomenon and means of melanoma (and other tumor) metastasis. Our objectives in pursuing this research are (i) to elucidate the molecular mechanisms underlying this migratory phenomenon; (ii) to facilitate the reliable recognition of angiotropism, particularly via the development of more specific biomarkers; (iii) to identify new molecules implicated in pericytic mimicry and EVMM, with the ultimate goal of targeting this specific association of tumor cells with endothelial cells, which represents a promising strategy for reducing or preventing melanoma and potentially other tumor metastasis.
